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Abstract Ceria rare earth solid solutions are known as
solid electrolyte with potential application in oxygen sen-
sors and solid oxide fuel cells. We report the preparation of
gadolinia-doped ceria, Ce0.90Gd0.10O1.95, by the conven-
tional solid-state reaction method and the preparation of
thin films from a sintered pellet of gadolinia-doped ceria by
the pulsed laser deposition technique. The effect of process
conditions, such as substrate temperature, oxygen partial
pressure, and laser energy on microstructural properties of
these films are examined using powder X-ray diffraction,
scanning electron microscopy, atomic force microscopy,
and Raman spectroscopy.
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Introduction
The solid oxide fuel cell (SOFC) offers an environmentally
friendly alternative to conventional energy conversion de-
vices [1]. A typical SOFC consists of two electrodes (anode
and cathode) separated by an electrolyte. Yttria-stabilized
zirconia (YSZ) is considered to be the most reliable can-
didate as the electrolyte and has been widely used. How-
ever, for the YSZ to acquire sufficiently high oxygen ion
conductivity, a high operating temperature, typically around
1,223 K, is required, which severely limits the development
of SOFCs [2]. Therefore, it is necessary to lower the op-
erating temperature to the range 773–973 K. The lower
temperature of application provides a greater flexibility in
the choice of electrode and interconnects materials, reduc-
tion in thermal stresses in active ceramic structures, as well
as a longer lifetime of the cells. The principal approach to
obtain the required reduction in the operating temperature is
to combine the thin film fabrication technique with the em-
ployment of electrolyte materials having higher oxide ion
conductivity [3]. Concerted efforts are being made by re-
searchers around the world to develop such materials.
Alternative electrolytes currently being investigated involve
doped CeO2 [4] and (Sr, Mg)-doped LaGaO3 [5].
Pure cerium oxide is basically not a fast oxygen ion
conductor unless it is doped with aliovalent cations, es-
pecially trivalent rare earth ions. The introduction of
aliovalent cations to the host lattice can increase the oxygen
vacancy concentration and concomitantly improve oxide
ion conductivity in cerium oxide. Y2O3, Gd2O3, and Sm2O3
are the usual dopants, which can significantly enhance
the ionic conductivity of ceria [6]. Gadolinia-doped ceria
(GDC) has given much attention because of its great po-
tential application as the electrolyte in intermediate tem-
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perature SOFCs [7] The addition of gadolinia into ceria can
be written in Kroger–Vink notation [8] as:
Gd2O3 ! 2Gd'Ceþ3Ox0þV0 ð1Þ
In this paper, preparation of sintered pellets of GDC Ce0.90
Gd0.10O1.95, and fabrication of Ce0.90Gd0.10O1.95 thin films
by pulsed laser deposition technique [9] are presented. The
influences of substrate temperature, oxygen partial pressure,
and laser energy on crystal structure and film morphology
are investigated. These parameters are known to be very
important to obtain good-quality films for SOFC and sensor
applications.
Experimental procedures
Samples corresponding to the formula Ce0.90Gd0.10O1.95
(GDC) were prepared from ceria and gadolinia by the con-
ventional solid-state reaction technique. CeO2 (99.99%
pure) mixed with appropriate quantity of Gd2O3 (99.99%
pure) was ground in a mortar and pestle for 18 h. About 5 g
of the powder was uniaxially pressed into pellets of 20 mm
diameter and 6 mm thickness at a pressure of 4 ton/in.2.
These pellets were sintered at 1,823 K for 6 h in air [10]. To
examine the microstructure of the sintered pellet, the sam-
ple was metallographically polished with diamond paste
grit size of 0.5 μm and etched using a solution containing
a molar ratio of 1:2 HCl and HNO3 for 30 min at room
temperature.
The deposition of GDC films was carried out using a
KrF excimer laser of 248-nm wavelength (Compex 205
from Lambda Physik) and a turbo-pumped deposition sys-
tem [11–13] with typical laser repetition rate of 10 Hz using
laser energy in the range 200–600 mJ/pulse. Substrates of
Si (111) orientation of size 10×10 mm were used as the
substrate. In this experiment, the excimer laser was focused
onto the GDC target at an angle of incidence of 45°. During
deposition, the target was rotated and oscillated to avoid
pitting. The deposition parameters used are given in Table 1.
The thickness of the deposited films was measured using
a 3010 Dektak profilometer. The phase identification and
grain size estimation were carried out using a Philips PW1730
X-ray diffractometer (XRD) system. The grain size, dg was





B2  b2ð Þ
p
ð2Þ
where l is the wavelength (0.15418 nm), k is the
correction factor (k=0.97), θ is the diffraction angle, B is
the full width at half maximum (FWHM) of the (200) dif-
fraction line of the film, and b is the FWHM of the in-
strumental broadening profile. A value of b=0.175°
determined from the (200) reflection of an annealed powder
sample of pure CeO2 was used. The values of B and b were
measured on the 2θ scales. Surface morphology and
composition were analyzed using an XL30 ESEM Philips
scanning electron microscope (SEM) fitted with an X-ray
energy-dispersive analyzer.
Atomic force microscopy (AFM) images of thin films
were taken in the tapping mode (DFM mode using SPA400,
Seiko Instruments). The root mean square roughness and
grain sizes were also obtained from the images. The Raman
spectra of the films were recorded using a 488-nm line of
an argon ion laser (Coherent USA) in the backscattering
geometry at room temperature. A Raman spectrometer built
with a double-grating monochromator SPEX model 14018
was used. A 30-mW incident laser beam was focused on
the sample to a spot size of about 100-μm diameters. The
spectral resolution of the monochromator was 4.2 cm−1.
The spectra were recorded digitally using a microprocessor-
based automated data collection system with a step of
1 cm−1 and a collection time of 10 s.
Table 1 Typical deposition parameters
Parameter Value
Laser KrF excimer (248 nm)
Pulse duration 30 ns
Repetition rate 10 Hz
Laser energy 100–600 mJ/pulse
Energy density 2–5 J/cm2
Target Sintered 10 mol% Gd-doped CeO2
Substrate Si (111)
Substrate temperature 673–773 K
Target-substrate spacing 45 mm
Base pressure ∼3.5×10−5 mbar
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Fig. 1 Powder XRD pattern of Ce0.9Gd0.1O1.95 bulk sintered target
material
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Results and discussion
Microstructure of the sintered pellet
Figure 1 shows the powder XRD pattern for the GDC sam-
ple containing 10 mol% of gadolinia sintered at 1,823 K for
6 h [10]. The XRD pattern revealed no secondary or im-
purity phases. The data on peak positions, peak widths, and
relative peak intensity were analyzed using a peak-fitting
program, which calculated a theoretical data curve from the
original data assuming a symmetrical peak shape. Lattice
parameters were then refined from the fitted data using a
least square fitting procedure with an error of about 1%. The
lattice parameter was determined to be 0.544 nm and is
slightly higher than that of undoped ceria [10]. This increase
in the lattice parameter has been attributed to the slightly
larger radius of the dopant Gd3+ (0.097 nm) compared to that
of the host ion Ce4+ (0.090 nm). It is observed that for the
given doping concentration of gadolinia, the sintering tem-
perature of 1,823 K is adequate to ensure the formation of a
solid solution.
The density of the sintered specimens was determined
by the Archimedes method using dibutyl phthalate as the
medium. All the samples used in the present study had a
density of about 90% of the theoretical value.
The microstructure of the GDC pellet was investigated
by means of optical microscopy and scanning electron
microscopy. Figure 2a,b shows the optical and scanning
electron micrographs of GDC pellet sintered at 1,823 K.
The microstructures show that the target is well sintered,
and they contain grain size of about 5–8 μm. Except a few
pores, the grain boundaries do not contain any secondary
phases.
Thin films
Thin films of Ce0.90Gd0.10O1.95 were prepared at different
substrate temperature, oxygen partial pressure, and laser
energy. To study the influence of substrate temperature on
the film growth, all the films were deposited at 200 mJ/
pulse for 1 h. The typical thickness of the films deposited
on Si (111) substrates under the above deposition con-
dition was about 500 nm. Figure 3 shows the SEM picture
of the film deposited at 873 K showing a featureless
structure. It is interesting to note that the microstructure is
free from cracks, and pores and droplets of coarser particles
were rarely noted on the surface of the films. From the
XRD patterns shown in Fig. 4a, it is seen that the films are
polycrystalline in the temperature range of deposition. The
crystallinity of the films has been found to increase with
increasing substrate temperature. Because the silicon sub-
strate with <111> orientation has a close matching with
GDC, the substrate peaks (X) are found to match with GDC
for (111) and (222) reflections. The lattice parameter of the
films is found to increase gradually from 0.540 to 0.548 nm
in the temperature range 473–973 K. Figure 4b shows that
at 873 K, the lattice parameter of the film reaches the bulk
lattice parameter value of 0.544 nm [10]. Figure 4c shows
the effect of substrate temperature on the grain size. The
grain size is found to increase from ∼15 to ∼20 nm owing
to increased mobility of adatoms with increasing substrate
temperature. At 973 K, peak broadening and loss of in-
tensity of the diffraction peaks are noticed. This could be
attributed to the interfacial reaction of silicon with the films
at the higher deposition temperature.
Fig. 3 SEM picture film deposited at 873 K
Fig. 2 Microstructure of the
sintered GDC pellet. a Optical
microscopy and b SEM
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To study the effect of ambient oxygen partial pressure,
thin film deposition at oxygen partial pressures in the range
of 5×10−5 to 0.3 mbar were carried out at a laser energy of
200 mJ/pulse at 873 K for 1 h. XRD results shown in
Fig. 5a indicate a significant influence of the oxygen partial
pressure on the growth characteristics of the films. Figure 5b
shows the trend in the orientation of the film as a function of
oxygen partial pressure. At 5×10−5 mbar base pressure, the
films are weakly crystalline and have (111) orientation. With
increasing oxygen partial pressure from 0.01 to 0.2 mbar, the
films are (200) oriented. At 0.3 mbar of oxygen partial pres-
sure, there is a clear growth of polycrystalline films of GDC.
These experiments clearly demonstrate that the films of de-
sired orientation could be obtained by appropriate selection of
oxygen partial pressure.
To study the influence of laser energy on the growth of
doped ceria on Si (111) substrates, deposition was carried out
in the energy range 200–600 mJ/pulse at a substrate tem-
perature of 873 K for 1 h at a base pressure of 5×10−5 mbar.
The thickness and the deposition rate were found to in-
crease significantly with laser energy. For instance, the de-
position rate has increased from 0.02 nm/s at 200 mJ/pulse
to 0.2 nm/s at 600 mJ/pulse; this was explained in our
earlier studies [14]. Figure 6a shows the XRD pattern of
GDC films grown at various energy levels on silicon sub-
strate. The patterns indicate that films are single phasic with
no detectable secondary phases. The patterns were indexed
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Fig. 5 a Influence of oxygen partial pressure Ce0.90Gd0.10O1.95 films
on Si (111). b Intensity ratio I(111)/I(200) as function oxygen partial
pressure






































































Fig. 4 a XRD pattern of Ce0.90Gd0.10O1.95 films at various substrate
temperature. b Lattice parameter as function of substrate temperature.
c Grain size as function of substrate temperature
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as CeO2 with fluorite structure. Figure 6b shows that the
grain size decreases from 18 to 13 nm at higher energy. It is
possible that with increasing laser energy, the deposition rate
increases rapidly, which may reduce adatom mobility
resulting in the reduction in the grain size.
AFM was used to study the surface morphology of the
films deposited at various laser energy. Typical examples of
AFM 3D images of films grown at various energies are
shown in Fig. 7. AFM images largely indicate a fine dis-
tribution of globular grains of 60–70-nm sizes along with a
few randomly distributed conical-shaped grains in the
energy range 200–400 mJ/pulse. These grains are found
to be coarsened (∼150 nm) and tilted toward the substrate
surface in the energy range 500–600 mJ/pulse. With the
difference in grain size accordance with XRD, it is assumed
that the AFM gives only local surface area information not
in the crystal plane. AFM examination at higher magni-
fication also reveals several smaller grains within larger
grains. Further, the increase in the grain size has increased
the surface roughness from 0.75 to 1.5 nm. The shapes of
the grains are clearly indicative of an island growth mecha-
nism operating in these laser-ablated GDC thin films [15].
Figure 8a shows the Raman spectra of the nanocrys-
talline thin films of Ce0.90Gd0.10O1.95 prepared at various
substrate temperatures using a laser energy of 200 mJ/pulse
at a base pressure of 3.5×10−5 mbar. Figure 8b shows the
Raman shift and FWHM of the Raman spectra shown in
Fig. 9a. The Raman-active mode in this material corre-
sponds to a frequency of ωR∼466 cm−1, which is attributed
to a symmetrical stretching mode of the Ce–O8 vibrational
unit of cubic ceria [16, 17]. Therefore, this mode should be
very sensitive to any disorder in the oxygen sublattice
resulting from thermal and/or grain size induced non-
stoichiometry. The influence of the microstructure on the
shape of the Raman spectrum was observed by the Raman
shift and thewidth of the Ramanmode [18–23]. Figure 8 shows
the variation in FWHM and Raman line shift as a function
of substrate temperature. FWHM decreases with increasing
substrate temperature, which might be due to the decrease
in defect concentration as a result of reduction in intergran-
ular volume fraction because of the increase in the grain size
in agreement with the XRD analysis. As the substrate
temperature increases, oxygen desorption from the film
during deposition at the base pressure of 3.5×10−5 mbar
would increase resulting in increased oxygen nonstoichi-
ometry. This may lead to a slight increase in the Ce–O and
Gd–O bond lengths, which would result in a Raman peak
red shift as observed in Fig. 9.
Figure 9a illustrates the Raman spectra of GDC films
obtained at 873 K as a function of laser energy. These films
were deposited in the base pressure of 3×10−5 mbar. Like
the effect of substrate temperature, laser energy also shows
a significant shift in the Raman line and FWHM when
the laser energy is increased from 200 to 600 mJ/pulse
(Fig. 9b). When Gd replaces Ce at some lattice sites, the
Raman line is expected to red shift because of heavier mass
(Gd) replacing lighter mass (Ce). This red shift depends on
the fraction of the substitution. As the laser energy in-
creases, the fraction of Gd incorporated in the film seems to
be increasing as suggested by the Raman red shift shown in
Fig. 9. In contrast, FWHM increases with laser energy and
saturates beyond 300 mJ/pulse indicating that there is a
rapid increase in the defect concentration initially, and it
does not increase significantly. Our recent observation of
GDC thin films using high-resolution electron microscopy
also reveal defects like dislocations, ledges, bending of
lattices, etc. for the films grown with laser energy exceed-
ing 300 mJ/pulse [14] in agreement with the Raman spec-
tra. The present study qualitatively suggests that substrate
temperature and laser energy significantly influences the
microstructure of the films, and appropriate selections of
the process parameters are required to achieve GDC films
with desired properties for technological applications.
 





































Fig. 6 a XRD pattern showing influence of laser energy. b Grain size
as function of laser energy
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Fig. 8 a Laser Raman spectra
of Ce0.90Gd0.10O1.95 films pre-
pared at different substrate tem-
perature. b Influence of laser
energy at a substrate temperature
of 873 K
 200 mJ a  400 mJ b
c500 mJ 600 mJ d
Fig. 7 Typical AFM images
recorded at different laser ener-
gy a 200, b 400, c 500, and
d 600 mJ/pulse
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Conclusions
(1) Sintered pellet of Ce0.90Gd0.10O1.95 was synthesized
by a solid-state reaction route, and then the sintered
pellet was used as a target for the fabrication of thin
films by pulsed laser ablation.
(2) The influence of the substrate temperature, oxygen
partial pressures, and laser energy on the growth
characteristics of GDC was studied. The films are
mostly polycrystalline, and grain size increases with
increasing substrate temperature. Oxygen addition
during the growth of the film has been found to alter
the film orientation from (111) to (200) in the partial
pressure range 0.1–0.2 mbar. In addition to increase in
the deposition rate, the laser energy has significantly
modified the surface morphology of the films. The
results obtained from the Raman spectra indicate that
both the substrate temperature and laser energy could
influence the defect concentration in the GDC films
grown by pulsed laser ablation.
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Fig. 9 Raman shift and FWHM
of at various a substrate tem-
peratures and b laser energies
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